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ABSTRACT

Cultured rat astrocytes, which express functional urotensin II (UlI)/Ull-related peptide (URP)
receptors (UT), represent a very suitable model to investigate the pharmacological profile of
UlI and URP analogs towards native UT. We have recently designed three URP analogs [p-
Trp*|URP, [Orn®|JURP and [p-Tyr®JURP, that act as UT antagonists in the rat aortic ring
bioassay. However, it has been previously reported that UII/URP analogs capable of inhibit-
ing the contractile activity of UII possess agonistic activity on UT-transfected cells. In the
present study, we have compared the ability of URP analogs to compete for [***IJURP binding
and to modulate cytosolic calcium concentration ([Ca®*].) in cultured rat astrocytes. All three
analogs displaced radioligand binding: [p-Trp*]URP and [p-Tyr°|URP interacted with high-
and low-affinity sites whereas [Orn®]JURP only bound high-affinity sites. [p-Trp*]URP and [p-
Tyr®JURP both induced a robust increase in [Ca®*]. in astrocytes while [Orn®JURP was totally
devoid of activity. [Orn®JURP provoked a concentration-dependent inhibition of URP- and
Ull-evoked [Ca?*]. increase and a rightward shift of the URP and UII dose-response curves.
The present data indicate that [p-Trp*]URP and [p-Tyr®]URP, which act as Ul antagonists in
the rat aortic ring assay, behave as agonists in the [Ca®*]. mobilization assay in cultured
astrocytes, whereas [Orn°]URP is a pure selective antagonist in both rat aortic ring contrac-

2+] c

tion and astrocyte [Ca”*]. mobilization assays.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

that UII and URP are two members of a family of regulatory
peptides that also comprises somatostatin and cortistatin [36].

Urotensin II (UII) is a cyclic peptide initially isolated from the
caudal neurosecretory system of teleost fish [30]. UIl has been
subsequently identified in the brain of amphibians [11] and
mammals [13,14]. Recently, a paralog of UII termed Ull-related
peptide (URP, Table 1) has been characterized in mouse, rat
and human [35]. Comparative genomics studies have shown

Indeed, all four peptides possess a disulfide bridge and share,
within their cyclic region, the Phe-Trp-Lys motif that is
essential for their biological activities [12,36].

UII and URP are the endogenous ligands of the previously
orphan G-protein-coupled receptor GPR 14 [2,23,27,29,35] now
renamed UT receptor. Exposure of UT-transfected cells to UII
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or URP causes activation of phospholipase C and an increase in
intracellular Ca?* concentration ([Ca®*].) [16,35]. The UT
receptor is most similar to members of the somatostatin
receptor family, notably sst4 [25], and it has been shown that
somatostatin and cortistatin can, to a certain extent, increase
[Ca®*]. in UT-transfected cells [23]. Based on the structural
homology between somatostatin receptors and UT, it is likely
that the Lys residue within the cyclic region of UIl and URP
interacts with the conserved Asp residue in transmembrane
domain 3 of UT, as previously shown for somatostatin and its
receptors [28,34].

Structure-activity relationship studies have shown the
importance of the conserved hexapeptide ring of UIl and
URP in the biological activity of both peptides [22]. In
particular, point substitution of each individual amino acid
of the Trp-Lys-Tyr tripeptide by their p-enanthiomers
suppresses the binding affinity and/or the contractile
activity of UII [21] and URP [9]. Concurrently, molecular
modeling under NMR constraints has revealed the occur-
rence of an inverse y-turn centered on the Trp*-Lys®-Tyr®
triad of URP that is likely to play a crucial role in the
biological activity of the peptide [9].

So far, the signaling mechanisms associated with UT
activation have mainly been investigated on cell lines
transfected with recombinant receptors [1,16,33,37]. Recently,
we have found that cultured rat astrocytes constitutively
express the UT gene and possess high-affinity UIl binding sites
[8]. Exposure of cultured astrocytes to UII activates phospho-
lipase C and increases [Ca®']. in a concentration-dependent
manner [8]. Cultured rat astrocytes thus represent a suitable
model in which to investigate the pharmacological character-
istics of UIl and URP analogs towards native UT receptors.

Owing to the potential implication of the urotensinergic
system in pathophysiological conditions, notably in renal
and cardiovascular diseases, several groups are currently
trying to develop selective UT antagonists [3,5,10]. In this
context, we have recently designed three URP analogs
(Table 1) that were found to decrease ([p-Tyr°JURP) or
suppress ([p-Trp*JURP and [Orn®JURP) Ull-evoked contrac-
tion of rat aortic rings [9]. Paradoxically, some antagonists
devoid of intrinsic contractile activity may behave as
agonists at recombinant receptors, as determined by
measuring their ability to induce calcium mobilization
[4,6,7]. It is thus necessary to characterize the pharmaco-
logical profile of potential antagonists not only on UT-
transfected cells but also on cells expressing native UT
receptors. The aim of the present study was to examine the
ability of [p-Trp*|URP, [Orn®]JURP and [p-Tyr®]URP to interact
with naturally occurring UII binding sites in rat cortical
astrocytes [8] and to investigate their agonistic and
antagonistic activities by using a calcium mobilization
assay.

2. Materials and methods
2.1. Reagents

URP (ACFWKYCV), rat UII (UIl, pPQHGTAPECFWKYCI) and the URP
analogs [p-Trp*|URP, [Orn®|JURP and [p-Tyr°JURP were synthe-

sized by the solid phase methodology on a Pioneer PerSeptive
Biosystem peptide synthesizer (Applera, Courtaboeuf, France)
using the standard Fmoc procedure as previously described
[9,21]. All peptides were purified (>98%) on a 2.2 cm x 25cm
Vydac Csg column (Alltech, Templemars, France) and char-
acterized by MALDI-TOF MS on a Voyager DE-PRO mass
spectrometer (Applera). Glutamine, N-2-hydroxyethylpipera-
zine-N’-2-ethane sulfonic acid (HEPES), probenecid and the
antibiotic-antimycotic solution were purchased from Invitro-
gen (Cergy-Pontoise, France). Dulbecco’s modified Eagle’s
medium (DMEM), Ham-F12 culture medium, insulin, p(+)
glucose and bovine serum albumin (BSA) were obtained from
Sigma (St-Quentin Fallavier, France). Fetal bovine serum (FBS)
was from Eurobio (Les Ulis, France). Pluronic acid and fluo-4-
acetoxymethyl ester (fluo-4-AM) were from Molecular Probes
(Leiden, The Netherlands).

2.2. Cell culture

Primary cultures of astrocytes were prepared as previously
described [19]. Briefly, cerebral hemispheres from newborn
Wistar rats were collected in DMEM/Ham-F12 (2:1, v/v) culture
medium supplemented with 2mM glutamine, 1% insulin,
5mM HEPES, 0.4% glucose and 1% of the antibiotic-anti-
mycotic solution. The tissues were disaggregated mechani-
cally with a syringe equipped with a 1-mm gauge needle, and
filtered through a 100-pm pore size mesh filter (Falcon, Becton
Dickinson, Grenoble, France). Dissociated cells were resus-
pended in culture medium supplemented with 10% heat-
inactivated FBS and seeded in 150-cm? culture flasks (Falcon)
at a density of 2 x 10 cells per flask. The cells were incubated
at 37 °Cin a humidified atmosphere (5% CO,) and the medium
was changed twice a week. When cultures were confluent, the
flasks were gently shaken on an orbital shaker at 250 rpm for
2 h. Dislodged cells were discarded and a second step of
purification was performed at 250 rpm for 14-16 h. Remaining
adhesive cells were collected by trypsination, centrifuged
(100 x g, 10 min) and plated in 150-cm? flasks. Suspended
astrocytes were harvested and seeded in complete medium
supplemented with 10% FBS in poly-1-lysine-coated 24-well
plates at 80,000 cells/well (for binding studies on dried
cultured cells) or in 96-well plates at 30,000 cells/well (for
calcium mobilization assay). The purity of the cultures was
assessed by cytometry after GFAP immunostaining. The
enriched cultures contained >98% astrocytes [8].

2.3.  Competition studies

Three micrograms of URP in phosphate buffer (0.375 mM, pH
7.4) was labeled with 0.5 mCi Na'**I (Amersham Biosciences,
Orsay, France) by the lactoperoxidase method as previously
described [9]. Mono-iodinated [***TJURP used as a radioligand
for binding assay was purified by reversed-phase HPLC on an
adsorbosphere C;g column (0.46 cm x 25 cm, Alltech) using a
linear gradient (25-65% over 40 min) of acetonitrile/trifluoro
acetic acid (TFA, 99.9:0.1, v/v) at a flow rate of 1 ml/min, and
stored at 4 °C. The specific radioactivity of the tracer was
approximately 2000 Ci/mmol. After 2 days in culture, astro-
cytes were rinsed three times with phosphate-buffered
saline (PBS), dried under a cold air stream and stored at
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—80 °C until binding experiments. Frozen cells were washed
twice with assay buffer (50 mM Tris buffer, 1 mM MnCl, and
0.5% BSA) and incubated at 22 °C for 3h in the same buffer
with [***IJURP (0.1 nM) in the presence of graded concentra-
tions of unlabeled [p-Trp*]URP, [Orn®]JURP or [p-Tyr®|JURP. At
the end of the incubation, cells were washed three times
with assay buffer, solubilized with 1% SDS, and the radio-
activity was counted in a gamma counter (LKB Wallac, Evry,
France). Non-specific binding was determined by addition of
1 pM unlabeled URP.

2.4. Calcium mobilization assay

After 2 days in culture, astrocytes were rinsed twice with
90 nl of a modified Hank’s balanced salt solution (HBSS)
containing (in mM): 135 NaCl; 5 KCI; 1 MgCl,; 1 CaCl,; 10
HEPES, 3 glucose; 2.5 probenicid (pH 7.3). Cells were
incubated at 37 °C with 40 pl of 2 uM fluo-4-AM dye contain-
ing 20% pluronic acid for 40 min in a 5% CO, atmosphere.
Cells were washed twice with 90 pl modified HBSS, and
200 pl HBSS was added. Cells were incubated for 30 min in
the absence or presence of [Orn®|JURP and the effect of graded
concentrations of URP and UII on [Ca?*]. was measured with
a fluorometric imaging plate reader FlexStation (Molecular
Devices, Sunnyvale, CA).

2.5.  Data analysis

For competition studies, the Hill coefficient (ny) was calcu-
lated from the competition curves fitted to the Hill equation
via a nonlinear regression using the computerized curve-
fitting package GraphPad Prism version 4 for Windows
(GraphPad Software, San Diego, CA). The data were then re-
fitted using equation for displacement of radioligand by
competitors to one or two binding sites. A two-site curve-
fitting model was selected when this model fitted the data
significantly better than a one-site model, as determined by a
F-test at a significance level of P < 0.05. ICso values derived
from these latter fits were converted to apparent competi-
tion-receptor dissociation equilibrium constants K; for the
high-affinity and K, for the low-affinity binding sites (Table 1,
Fig. 1).

For calcium mobilization assays, the Student’s t-test and
one-way ANOVA followed by a Dunnett’s post hoc test were
used to compare the intrinsic activity of the URP analogs
(Fig. 2). For the antagonistic activity of [Orn®JURP, the dose-
response curves were fitted to a sigmoidal concentration-

Table 1 - Amino acid sequence of rUIl, URP and the three
URP analogs studied in the present report

Peptide name Sequence

rUIl pGlu-His-Gly-Thr-Ala-Pro-Glu-Cys-Phe-Trp-
Lys-Tyr-Cys-Ile-OH

URP H-Ala-Cys-Phe-Trp-Lys-Tyr-Cys-Val-OH

[D-Trp*]URP H-Ala-Cys-Phe-Trp-Lys-Tyr-Cys-Val-OH

[Orn°]URP H-Ala-Cys-Phe-Trp-Orn-Tyr-Cys-Val-OH

[D-Tyr®|URP H-Ala-Cys-Phe-Trp-Lys-Tyr-Cys-Val-OH

p-Amino acids are indicated in bold italic letters.
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Fig. 1 - Competition curves comparing displacement of
[***IJURP binding to cultured rat cortical astrocytes by the
three URP analogs [p-Trp*]JURP, [Orn°]URP and [p-Tyr°|URP.
Cells were incubated for 3 h at 22 °C with 0.1 nM [">’IJURP
in the absence or presence of graded concentrations of [p-
Trp®JURP (A, 100 pM to 3 pM), [Orn>|URP (B, 100 pM to

0.3 uM) and [p-Tyr°JURP (C, 100 pM to 3 pM). Each value
represents the mean of four independent experiments
performed in triplicate.

response using the fitting routine GraphPad Prism. pK;, was
determined from a plot representing the decrease in calcium
mobilization evoked by [Orn°JURP on the [Ca®']. increase
induced by 10 nM URP and UII (Fig. 3). For the Schild analysis,



816 PEPTIDES 29 (2008) 813-819

—

A) 180 -

160

140

120 4

[Ca?*]. (% of control)

100

80 T T T 1

80~

[Ca?]. (% of control)
=) I} N o)
[=) o o o
; : 5 ;
L}

1

1

1

,

1

:

,
ik

1

1

1

=z
w

I

1

1

*
I
1

(B)180 -

160 -

140

120 A

[Ca?*]. (% of control)

100

80 T T T 1
0 50 100 150 200

Time (sec)

Fig. 2 - Effect of URP, rUII and URP analogs on [Ca®*]. in cultured rat cortical astrocytes. (A) Representative recordings of cells
exposed (arrow) to URP (==) or rUII (===) (10 nM each). (B) Representative recordings of cells exposed (arrow) to [p-Trp*|URP

(=), [Orn°]URP (

) or [D-Tyr°|URP (===) (10 uM each). (C) Quantification of the effects of URP, rUII and the URP analogs on

[Ca®*]. in astrocytes. Each value represents the maximum amplitude of [Ca®*]. transients induced by URP, rUII or the URP
analogs. The results are expressed as percentages of the corresponding control values in the absence of the peptides. Data
are mean *+ S.E.M. of at least eight independent experiments. ***P < 0.001; NS: not statistically different from the control

(ANOVA followed by Dunnett post hoc test).

the concentration ratios (CR) were calculated from individual
dose-response curves of URP and UII obtained with graded
concentrations of [Orn®]URP (Fig. 4).

3. Results
3.1.  Effect of the URP analogs on [***IJURP binding

The [p-Trp*JURP, [Orn°JURP and [p-Tyr°JURP analogs were
tested for their ability to compete with [***IJURP binding on
purified cultured cortical astrocytes (Fig. 1). The results
showed that the three compounds displaced the radioligand
from its binding sites. Statistical analysis using the F-test
revealed that [p-Trp*|URP and [p-Tyr°JURP, as URP itself,
interact with high- (K;) and low-affinity (K,) sites ([p-Trp*]URP:
K. =6.8142.67 nM, K, = 6.05 £ 2,02 pM; [p-Tyr’JURP: K, = 2.35
+1.50nM, K;=0.56+0.28uM; URP: K;=0.19+ 0.04nM,
K, =0.65 + 0.19 uM). In contrast, [Orn’|JURP was only able to

bind high-affinity sites but with a weaker potency than the
other analogs (K=67.7 £38.9nM) (Fig. 1 and Table 2). The
values of Hill coefficient (ny) confirmed that URP (ny=0.49
+0.08) or the analogs [p-Trp*|URP (ny=0.72+0.10) and

Table 2 - Competition binding parameters for URP and
URP analogs on cultured rat cortical astrocytes

Analog K;(nM) K> (M) Ny

URP 0.19 + 0.04 0.65 +0.19 0.49 +0.08
[p-Trp*]URP 6.81 + 2.67 6.05 = 2.02 0.72 +£0.10
[Orn°]JURP 67.7 +38.9 - 0.98 + 0.24
[D-Tyr®|URP 2.35 +1.50 0.56 + 0.28 0.59 +£0.11

Cells were incubated for 3 h with 0.1 nM [**’IJURP in the presence
of graded concentrations of URP, [p-Trp*JURP, [Orn’]URP or [p-
Tyr®|URP (100 pM to 3 pM, each). Each value represents the
mean + S.EM. of four independent experiments performed in
triplicate. K; and K,: dissociation constants; ny: Hill coefficient.
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Fig. 3 - Effect of graded concentrations of [Orn’JURP on the
[Ca?*]. increase induced by URP (A, 10 nM) or rUII (B, 10 nM)
in cultured rat cortical astrocytes. Each point represents
the maximum amplitude of [Ca®*]. transients induced by
URP (A) or rUII (B). The results are expressed as
percentages of the calcium mobilization provoked by

10 nM URP (A) or rUII (B). Data are mean =+ S.E.M. of at least
eight independent experiments.

[D-Tyr®]JURP (ny = 0.59 + 0.11) bind a heterogeneous population
of binding sites whereas [Orn®JURP (ny; = 0.98 + 0.24) interacts
with a single population of recognition sites.

3.2 Effect of the URP analogs on [Ca®*].

Exposure of astrocytes to [p-Trp*JURP or [p-Tyr°JURP (10 pM,
each) provoked a robust and sustained increase in [Ca®'].
(+33 £ 4% and +37 + 4%, respectively) in very much the same as
URP (10 nM; +61 +5%) and UII (10 nM; +60 + 9%) (Fig. 2). In
contrast, [Orn®JURP (10 uM) did not affect [Ca®*]. in astroglial
cells (Fig. 2). Pretreatment of astrocytes with graded concentra-
tions of [Orn°]JURP (1 nM to 10 uM) dose-dependently inhibited
the [Ca®*]. rise induced by both URP and UII (pICsq = 7.12 + 0.32
and 7.34 + 0.43, respectively) (Fig. 3). Graded concentrations of
[Orn®]URP caused a rightward shift of the URP and UII dose-
response curves associated with a decrease in the maximal
responses (Fig. 4). Schild analysis yielded a regression line slope
significantly lower than 1 for both URP (0.47 + 0.03; P < 0.01) and
UII (0.56 + 0.05; P < 0.01), indicating that [Orn®’]JURP behaves as a
non-competitive/insurmountable antagonist (data not shown).
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Fig. 4 - Effect of [Orn°JURP on URP- and rUll-induced [Ca®"].
increase in cultured rat cortical astrocytes. Cells were
exposed to graded concentrations of URP (A) or rUII (B) in
the absence (M) or presence of [Orn°|JURP ((C]) 1 nM; ()

10 nM; (<) 100 nM; (O) 1 pM; (@) 10 pM). Each point
represents the maximum amplitude of [Ca®*]. transients
induced by URP or rUIIL The results are expressed as
percentages of the calcium mobilization provoked by

10 pM URP (A) or rUII (B). Data are mean of at least eight
independent experiments.

4, Discussion

The cyclic core sequence of UIl and URP, which has been
strongly preserved during evolution [9,36], plays a crucial role
in the binding affinity at the UT receptor and the biological
activity of the two peptides [9,18,20,21]. We have recently
designed three URP analogs, [p-Trp*]URP, [Orn’]URP and [p-
Tyr®|JURP, which act as UT antagonists in the rat aortic ring
assay [9]. Since it has been previously reported that UII/URP
analogs that inhibit the contractile activity of UlII on rat aorta
can behave as agonists on UT-transfected cells, in the present
study we have investigated the pharmacological profile of the
three aforementioned analogs by using cultured rat astro-
cytes, a cell model that express functional UT receptors [8].
We found that all three analogs were able to displace
[***1JURP binding on cultured astrocytes, but generated distinct
competition curves. Thus, the profile of the dissociation curve
obtained with [Orn®|JURP was strictly monophasic with a Hill
coefficient close to unity and a dissociation constant similar to
that reported on UT-transfected CHO cells [9]. In contrast, the
dissociation curves obtained with [p-Trp*|URP and [p-Tyr®|URP



818 PEPTIDES 29 (2008) 813-819

were biphasic and the Hill coefficients were clearly below 1,
indicating that these two analogs can recognize a hetero-
geneous population of binding sites. In agreement with these
data, the existence of two binding sites for UII has recently
been demonstrated in rat cortical astrocytes [8] and in CHO
cells transfected with human UT [10]. While the high-affinity
site most likely corresponds to UT, the molecular structure of
the low-affinity site is currently a matter of speculation. UII
and URP belong to the same gene family as somatostatin and
cortistatin [36] and all four peptides share substantial
sequence identity in their cyclic core sequence [12]. In
addition, UT and somatostatin receptors are closely related
[25]. Since rat cortical astrocytes express three somatostatin
receptor subtypes, i.e. sstl, sst2 and sst4 [17,26], it might be
hypothesized that [Orn®JURP binds two receptor sites, i.e. UT
and somatostatin receptor(s), with the same affinity. These
somatostatin receptor(s) may correspond to the low-affinity
site recognized by [p-Trp*|URP and [p-Tyr°]JURP. In support of
this hypothesis, it has been recently demonstrated that UII
and URP can both activate the porcine somatostatin receptors
sst2 and sst5 [24]. Alternatively, the two affinity sites could be
accounted for by the occurrence of both monomeric, dimeric
and/or oligomeric forms of UT with different binding affinities.
Consistent with this latter hypothesis, Clozel et al. [10] have
previously described the existence of two distinct affinity sites
in UT-transfected CHO cells which do not express any
somatostatin receptors.

The present study has shown that [p-Trp*JURP and [p-
Tyr°|JURP, but not [Orn’JURP, provoke a robust increase in
[Ca®*]. in cultured astrocytes, indicating that [p-Trp*JURP and
[D-Tyr®JURP behave as agonists in our model. Several lines of
evidence suggest that the increase in [Ca®*]. induced by these
two URP analogs is mediated through UT: (i) stimulation of UT
in UT-transfected cells [2,9,10,35] or in cells expressing native
UT [8,31,32] is known to activate the PLC/PKC pathway leading
to an increase in [Ca®*]; (ii) we have recently shown that rat
astrocytes express the UT mRNA and the UT protein [8]; and
(i) the stimulatory effect of [p-Trp*|URP and [p-Tyr°JURP on
[Ca®*]. in rat astrocytes is mimicked by URP and UII, two
natural ligands of UT. However, the [Ca®*]. increase evoked by
[o-Trp*]URP and [p-Tyr°]JURP could be also mediated in part
through activation of somatostatin receptors since a recent
study has shown that URP and UII provoke an elevation of
[Ca®*].in CHO cells stably expressing the porcine somatostatin
receptors sst2 and sst5 [24]. In support of this hypothesis, it has
been previously reported that somatostatin increases [Ca®‘].
in mouse striatal astrocytes [15].

The [Om®]URP analog, which was devoid of agonistic
activity on Ca®" mobilization in cultured rat astrocytes,
inhibited in a dose-dependent manner the [Ca®']. increase
induced by URP and UllL Graded concentrations of [Orn®]JURP
shifted to the right of the dose-response curves of URP and
Ull, and induced a concomitant decrease of the maximum
responses. Shild analysis revealed that, for both URP and
UlI, the slopes of the regression lines were significantly
lower than one, indicating that [Orn®*|JURP behaves as an
insurmountable/non-competitive antagonist in rat astro-
cytes. Another UIl analog modified at the Lys residue,
[Pen’p-Trp’,Dab®|Ull,.1; (UFP-803), has previously been
shown to act as a non-competitive antagonist in the Ca®*

mobilization assay and a competitive antagonist in the aorta
ring assay [7]. These observations confirm the crucial role of
the Lys residue in the cyclic domain of URP and UII [22].
Whether [Orn°]URP acts as a competitive or non-competi-
tive antagonist in the isolated rat aorta remains to be
investigated.

In conclusion, the present study has shown that the two
URP analogs [p-Trp*]URP and [p-Tyr®|JURP, which inhibit UII-
induced contraction of isolated rat aorta, behave as agonists in
the calcium mobilization assay in cultured rat astrocytes. In
contrast, the URP analog [Orn®|JURP, which also inhibits the
action of UII in the rat aorta ring assay, behaves as a potent
insurmountable/non-competitive UT antagonist in rat astro-
cytes. [Orn®°JURP may thus be a useful tool to investigate the
functional role of UT in astroglial cells.
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